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Abstract 8 
Palygorskite (P), goethite (G), and hydrothermally synthesized goethite (HG) 9 
were used as supports for Fe and Ni. The catalytic activity of these materials was 10 
investigated involving in P, G and HG supported Fe and Ni) for catalytic decomposition 11 
of biomass tar derived from rice hull gasification. The materials were characterized by 12 
X-ray diffraction (XRD), X-ray fluorescence (XRF), transmission electron microscopy 13 
(TEM) with an energy dispersive X-ray (EDS). The catalytic activity of P for removal of 14 
tar was significantly better than that of G and HG. However, the activity of G with 6 15 
mass% Ni labeled as Ni6/G (tar conversion 94.6%), which was equal to Fe6Ni6/P 16 
(94.4%), was better than Ni6/P (64.4%) and Ni6/HG (46.7%). When the loading of Ni 17 
(mass %) was 6 mass % on G, tar conversion had the best value (94.6%) and yield of 18 
gaseous products reached 486.9, 167.8 and 22.2mL/(g·tar) for H2, CO, CH4, respectively. 19 
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The catalytic activity of goethite supported Ni was better in improving tar conversion and 20 
improving increased yield of H2, CO, CH4, which was attributed to the existence of Al/Fe 21 
substitution of goethite.   22 
 23 
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1. Introduction 27 
Biomass gasification offered a potential technology for producing fuel gas that 28 
can be used for power generation or synthesis gas applications. Pyrolysis of biomass had 29 
several environmental advantages over fossil fuels: lower emission of CO2 and other 30 
greenhouse gases, developing a renewable energy, and avoiding pollution from the 31 
openair combustion of straw (Devi et al., 2003). However, one of the major issues in 32 
biomass gasification is efficient tar reduction during pyrolysis. This presents a significant 33 
impediment to the application of biomass gasification. The condensed compounds in tar 34 
may cause problems in downstream handling, thus, making catalytic hot gas cleaning a 35 
necessary step in most gasification applications. Catalytic decomposition appeared to be 36 
a very attractive way to convert tar components into H2, CO and other useful chemicals 37 
(light hydrocarbons such as benzene, phenol, etc.).  38 
Catalytic decomposition was one of the most promising techniques for destroying tar 39 
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components (Oliveres et al., 1997; Rapagna et al., 1998; Corella et al., 2002; Delagado et 40 
al., 1997). Catalytic cracking of tar was generally carried out at high temperature 41 
(500-900oC) using olivine, dolomite, limestone, metal oxides, Ni-based catalysts, 42 
Rh/Pt/Pd-based catalysts (Constantinou et al., 2010; Constantinou et al., 2009a; 43 
Constantinou et al., 2009b; Virginie et al., 2010; Wang et al., 2011; Zhao et al., 2010; 44 
Noichi et al., 2010; Polychronopoulou et al., 2012; Polychronopoulou et al., 2006). 45 
The catalytic activity of olivine was investigated via steam reforming of naphthalene as a 46 
model biomass tar compound by Devi et al. (2005a, b). Steam reforming of tar from 47 
biomass gasification process over Ni/olivine catalyst using toluene as a model compound 48 
and the effect of preparation method on catalytic cracking of biomass tar were studied by 49 
Wierczynski et al. (2007) and Kuhn et al. (2008). Myren et al. (2002) investigated the 50 
catalytic effects of dolomite and silica on biomass tar decomposition. Pure silica was 51 
spread in a layer above the dolomite particles, considerably less naphthalene and total 52 
light tar remained after cracking. Calcined limestone and calcined dolomite were tested 53 
on a bench scale to study their usefulness in cleaning hot raw gas by Corella et al. (2008). 54 
A nickel-based catalyst which was doped with WO3 as a sulfur-resistant promoter was 55 
investigated by Sato and Fujimoto (2007) using a simulated gas containing naphthalene 56 
as tar model compound. The steam reforming of naphthalene over a nickel-dolomite 57 
cracking catalyst was investigated by Wang et al. (2005). Nishikawa investigated the 58 
effects of Ni, Pt, Mg on catalytic cracking of biomass tar over CeO2-Al2O3, and the 59 
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effects of Rh on catalytic decomposition of biomass tar over CeO2-SiO2 (Nishikawa et al., 60 
2008; Nishikawa et al., 2008; Nakamura et al., 2009; Miyazawa et al., 2006; Kimura et 61 
al., 2006; Miyazawa et al., 2005). Reshetenko et al. (2004) reported the effect of Fe, Co, 62 
Ni on catalytic destruction of biomass tar over Al2O3. In addition, Asadullaha et al. (2004) 63 
reported that almost all carbon in the biomass was converted into gaseous products using 64 
Rh/CeO2/SiO2 catalysts, and the deactivation of the catalysts caused by carbon or char 65 
deposition on the catalysts surface was not severe. Constantinou et al. (2010) reported 66 
that the addition of Rh promoted the water-gas shift reaction during phenol steam 67 
reforming over a Ce-Zr-Mg-O mixed metal oxide catalyst. On the other hand, 68 
supported-Rh catalysts had some disadvantages due to the high cost of Rh and the limited 69 
availability of this expensive metal. Therefore, raw minerals proved to be attractive 70 
materials for the catalytic decomposition of biomass tar due to their low costs and 71 
preferable tar conversion. 72 
Different raw minerals were investigated for the catalytic cracking of biomass tar 73 
with different ways Liu et al. (2010; 2011; 2012a). Palygorskite-supported Fe and Ni had 74 
a good catalytic performance. In the present study, catalytic cracking of biomass tar on 75 
goethite-supported Ni catalyst was carried out. The activity of G  HG and P  reduced in 76 
hydrogen at 500oC was investigated for the catalytic decomposition of biomass tar 77 
derived from rice hull gasification process for power generation. The performance of 78 
goethite supported Ni was also investigated. 79 
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 80 
2. Experimental 81 
2.1 Catalysts preparation  82 
      Powder of P and G (particle size <75μm) was obtained by extrusion, cutting, and 83 
smashing raw palygorskite and raw goethite.  An aqueous dispersion of the minerals 84 
was dried at 105oC and ground to obtain the particle size fraction of 0.85-0.425 mm. 85 
Hydrothermal synthesis of goethite was performed by the method (Liu et al., 2012a).The 86 
BET of P, G, HG was found to be 213.482, 8.12, 14 m2/g, respectively. The specific 87 
surface area was somewhat smaller than previously reported (Liu et al., 2012a, Liu et al., 88 
2012b), which may be attributed to the use of different pore size analyzer.  89 
 90 
Goethite supported nickel catalysts were prepared by the incipient wetness 91 
impregnation method with an aqueous solution of Ni(NO3)2·6H2O, followed by 92 
overnight drying at 105oC. For catalysts testing, all catalysts were pelletized, crushed and 93 
sieved to 0.85-0.425 mm, followed by calcination in air for 2 h at 500oC, and reduction in 94 
hydrogen at a flow rate of 80 ml/min, held at 500oC for 1 h and cooled to room 95 
temperature for further characterization. The nickel loading on the catalyst support was 96 
controlled between 0 and 10 mass% by changing the concentration of Ni(NO3)2·6H2O 97 
solution during the impregnation step. In this study, Nix/G and Nix/HG (x denoted as 0, 2, 98 
4, 6, 8, 10 mass%) were prepared. Ni6/Pg (palygorskite supported 6 mass% Ni) and 99 
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Fe6Ni6/P (palygorskite supported 6 mass% Ni and 6 mass% Fe) were prepared by the 100 
same procedure. 101 
 102 
2.2 Characterization  103 
The chemical composition was measured on a Shimadzu XRF-1800 with Rh 104 
radiation. 105 
 106 
Transmission electron microscope (TEM) measurements were performed on 107 
JEM-2100 with an energy dispersive X-ray (EDS) facility. The sample was mixed with 108 
alcohol and deposited on a Cu grid covered with a perforated carbon membrane. 109 
 110 
X-ray diffraction (XRD) measurements were performed on a Rigaku powder 111 
diffractometer with Cu K radiation. The tube voltage was 40 kV, and the current was 112 
100 mA. The XRD diffraction patterns were taken in the range of 5-70° 2theta at a scan 113 
speed of 4° min-1. Phase identification was carried out by comparison with those included 114 
in the Joint Committee of Powder Diffraction Standards (JCPDS) database. 115 
 116 
13-point BET-nitrogen isotherms were used to quantify changes in the specific 117 
surface area. The samples were degassed at 90oC for 12h before the adsorption 118 
measurements. The multi-point BET specific surface area of each sample was measured 119 
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at atmospheric pressure using a Quantachrome NOVA 3000e Specific Surface Area and 120 
Pore Size Analyser. Adsorption isotherms were measured in the p/po range of 0.05-0.35. 121 
 122 
2.3. Catalysts performance 123 
Biomass tar was derived from rice hull gasification for power generation which 124 
mainly had the element composition 79.2% C, 5.3% H, 1.6% N, 7.4% O, 5.3% ash. 125 
Catalytic tests were controlled using a fixed-bed experimental system (Fig. 1). 126 
The experimental setup was the same as previously reported (Liu et al., 2010; Liu et al., 127 
2011; Liu et al., 2012a). All experiments had the same reaction conditions of inject 128 
sample rate (80 mL·min-1 carrying 0.45 g·min-1 of biomass tar, which was 100 times the 129 
normal tar concentration in biomass gasification gas products, WHSV= 2.7 h-1), reaction 130 
temperature 700oC and reaction time of 20 min. 131 
The efficiency of catalysts for the catalytic cracking of biomass tar was evaluated 132 
by the following formula. Min-tar and Mout-tar represented the amount of tar introduced into 133 
the reactor and tar collected in the filter, respectively.  134 
Tar conversion %100



tarin
tarouttarin   135 
After the reaction, the peristaltic pump was shut down and products were blown 136 
off with nitrogen at the reaction temperature into an air cell, and the gas volume was 137 
determined by a wetting flow meter. The non-condensable gases, which included 138 
hydrogen, nitrogen, carbon monoxide and methane were analyzed by gas 139 
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chromatography (GC-7890T) equipped with a C2000 column and a thermal conductivity 140 
detector (TCD) with argon as carrier gas. The column temperature was 70oC. The total 141 
gas yield was calculated as the sum of H2, CO, CH4. CO2 was not detected because the 142 
reaction atmosphere was reducing.  143 
 144 
3. Results and discussion 145 
3.1 XRD characterization 146 
The XRD profiles of P, Ni6/P and Fe6Ni6/P are shown in Fig. 2. The reflections 147 
centered at 2θ=8.44o, 13.68o, 16.37o, 19.74o, 27.52o, 35.27o and 2θ=20.76o, 26.67o belong 148 
to palygorskite and quartz. The intensity of the reflections of P decreased when P 149 
impregnated with nickel/iron nitrate  was annealed in hydrogen at 500oC. The 150 
reflections at 2θ=30.2o, 35.6o and 43.72o, 50.8o were identified as spinel (Ni0.6Fe2.4O4) 151 
and the nickel/iron alloy.       152 
The XRD patterns of G, HG, Ni6/G, Ni6/HG (Fig. 3) showed the reflections at 153 
2θ=21.27o, 33.27o, 36.7o corresponding to goethiteThe goethite impregnated with nickel 154 
nitrate was transformed into Ni-containing magnetite by reaction in hydrogen at 500oC. 155 
The iron/nickel alloy was observed on Ni6/G and Ni6/HG.  156 
 157 
3.2 XRF and TEM characterization 158 
G was composed of Fe2O3 and SiO2 due to the presence of quartz (Fig. 3). HG only 159 
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contained Fe2O3 in agreement with the XRD pattern.   160 
The TEM images of HG, G, P and Ni6/G (Fig. 4) showed substances with rod-like 161 
and needle-like aggregates with a size of 50-100 nm. EDS (Fig. 4) indicated Fe and O as 162 
the main chemical elements of HG consistent with the results of XRF and XRD. 163 
Something with rod-like with a diameter of 5-20 nm and impurities were found in Fig. 164 
4(c), which seemed to be compatible with the previous report (Liu et al., 2012b). EDS of 165 
G indicated that the rod-like shaped of particles contained Fe, O, Al, and Si (Cu from the 166 
Cu grid) (Fig. 4d). Al can substitute for Fe in goethite in soils and rocks. Therefore, G 167 
used in the experiments was an aluminous goethite. The TEM image of P revealed fibers 168 
with diameters around 10 nm and EDS presented O, Si, Fe, Mg, Al in the rod-like 169 
substance, in agreement with the result of XRF.  170 
The TEM image of Ni6/G showed that many particles with a size of 5-20 nm well 171 
dispersed. EDS indicated O, Fe, Si, Al, Ni were the main element of the particle. 172 
Considering the results of XRF and XRD, the particles should be iron/nickel alloy and/or 173 
spinel due to the reaction of iron oxide and nickel oxide during calcination.   174 
Thus HG was relatively pure, G was Al-substituted goethite, and P was (Fe, 175 
Al)-substituted palygorskite. . 176 
 177 
3.3Catalytic activity 178 
The catalytic activity for the removal of tar decreased as P>G>HG>Quartz. The 179 
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product gases yields were not in full agreement with tar conversion (Fig. 6). The yield of 180 
H2, CO and CH4 after catalytic cracking of tar over -G was 152, 48.1, 9.4 mL/(g·tar), 181 
which was higher than with the other catalysts. One possible reason is the existence of 182 
iron oxide on G after calcination at 500oC. Uddin et al. (2008) reported that iron oxide 183 
had a good catalytic activity for the decomposition of biomass tar. Thus, higher amount 184 
of tar were converted to gases in the presence of G after annealing at 500oC, while the 185 
adsorption of tar on P played an important role during tar conversion. Thus, the yield of 186 
H2, CO and CH4 in the presence of G was larger than with P. The reason that tar 187 
conversion over HG was lower than RG will be discussed in the following section.     188 
    189 
3.4 Catalytic activity of nickel-based catalysts 190 
Tar conversion and yield of the gas products over quartz, Ni6/P, Ni6/HG, Ni6/G, 191 
Fe6Ni6/P were 26.9, 64.4, 46.7, 94.6, 94.4% and 54.7, 525.5, 128.3, 676.9, 448.9 192 
mL/(g·tar) (Fig. 7), thus higher than on the supports alone. The addition of Ni promoted 193 
the catalytic reaction as previously reported (Wierczynski et al., 2007; Wang et al., 2005; 194 
Nishikawa et al., 2008; Nishikawa et al., 2008). As shown in Fig. 8, composition and 195 
yield of gaseous products over Ni6/G (676.9mL/g·tar) were higher than over the other 196 
catalysts. Therefore, Ni6/G was a better catalyst than Ni6Fe6/P for catalytic cracking of 197 
biomass tar. However, tar conversion and total gas product yield over Ni6/G (94.6%, 198 
676.9mL) were significantly better than over Ni6/HG (46.9%, 128.3mL/(g·tar)).    199 
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  200 
3.5 Effect of Ni deposition on goethite on tar cracking  201 
Tar conversion increased with increasing Ni deposition on G and HG (Fig. 9). Tar 202 
conversion over Nix/RG (x=0, 2, 4, 6, 8, 10 mass%) was higher than that over Nix/HG. 203 
Tar conversion reached > 90% over Ni4/G and only 40% over Ni4/HG. In addition, tar 204 
conversion for the Nix/G and Nix/HG changed only slightly at Ni loadings > 4 mass%.   205 
Total gas yields over Nix/G and Nix/HG was 209.5, 319, 611, 676.9, 625.6, 62.2 206 
mL/(g·tar) and 77.7, 98.4, 125.5, 128.3, 123.7, 129.1 mL/(g·tar). Thus, the total gas 207 
yields for H2, CO and CH4 were larger over Nix/G than that over Nix/HG, consistent to 208 
the tar conversion over Nix/G and Nix/HG. In addition, the yield of CO increased largely 209 
when Ni was deposited on goethite, which should be attributed to the presence of nickel 210 
oxide and/or iron oxide. Nickel oxide can be reduced by carbon, which decreases carbon 211 
depositionand thus enhances the stability and catalytic activity of nickel-based catalysts  212 
(Han et al., 2008).   213 
Thus, tar conversion and yields of H2, CO and CH4 increased with increasing Ni 214 
loading, which should be attributed to the presence (Fe, Ni) alloy. The catalytic cracking 215 
of biomass tar over G supported nickel was significantly better than over HG supported 216 
nickel. Based on the XRD and EDS studies, G was Al-substituted goethite. Therefore, it 217 
was proposed that the presence of Al-substituted goethite considerably affected the 218 
catalytic activity of G supported nickel. The effect of Al-substituted Fe (Ш) on the 219 
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physical-chemical and mineralogical properties of goethite was investigated by Schulze 220 
et.al  (1984), Fey and Dixon, (1981) and Ruan and Gmkes (1995). The catalytic activity 221 
of G was inferior of that of P, and the activity of Ni6/G was significantly better than over 222 
Ni6/P. Al substitution and Ni addition seems to greatly enhance the catalytic reactivity of 223 
G supported nickel. Thus, G was regarded as the promising material for the catalytic 224 
cracking of biomass tar.     225 
   226 
4. Conclusions 227 
(1) Palygorskite had a higher catalytic activity for the decomposition of biomass tar than 228 
goethite, hydrothermally synthesized goethite, and quartz, based on the tar 229 
conversion. Tar conversion was 94.6% over Ni6/G almost equal to Fe6Ni6/P, in 230 
contrast to 64.6% over Ni6/P. 231 
(2) The addition of Ni promoted the catalytic activity of P, HG and G. Tar conversion and 232 
yield of gaseous products increased with increasing Ni loading reaching a maximum 233 
at Ni loading > 4 mass%. The activity of G supported nickel was significantly better 234 
than over Nix/HG, which may be attributed to the existence of Al-substitution of the 235 
goethite.  236 
 237 
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 370 
Table 1. The chemical composition of P, G and HG materials. 371 
 372 
Material 
SiO2 Al2O3 MgO Fe2O3 CaO K2O 
   %   
P 65.52 5.36 13.93 3.19 — — 
G 60.58 6.34 0.92 27.8 0.66 2.55 
HG 0.21 0.01 — 88.92 0.01 0.36 
‘—’very low amount or absent 373 
374 
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 375 
Figure captions 376 
 377 
Figure. 1. A system for activity measurement of different catalysts. 378 
Figure. 2. XRD patterns of P, Ni6/P and Fe6Ni6/P 379 
Figure. 3. XRD patterns of G, HG, Ni6/G and Ni6/HG 380 
Figure. 4 TEM images and EDS of HG (a,b) (Liu et al., 2012), G(c,d), P(e,f), 381 
Ni6/G(g,h) 382 
Figure. 5. Tar conversion in the presence of different catalysts Figure. 6. Yield of 383 
gaseous products by catalytic cracking tar Figure. 7. Tar conversion of Ni-based 384 
catalysts  385 
Figure. 8. Yield of gaseous products by catalytic cracking tar  386 
Figure. 9. Effect of Ni loading on tar conversion over Nix/G and Nix/HG. 387 
Figure. 10. Effect of Ni loading on the volume of gaseous products over Nix/HG. 388 
Figure. 11. Effect of Ni loading on gas the volume of gaseous products over Nix/G. 389 
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Figure. 7.  430 
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Figure. 8.  436 
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Figure. 9.  442 
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Figure. 10.  448 
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Figure. 11.  454 
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